Abstract. In the complex human-machine collaboration environment, it is particularly important that the robot joint has a certain variable compliance performance. The variable stiffness joint based on the antagonistic principle is a research hotspot of the compliant robot joint. In this paper, a variable stiffness actuator is proposed. This design eliminates the antagonistic effect of the elastic component in the antagonistic joint and improves the energy storage density. Theoretical analysis of nonlinear characteristics is carried out. In addition, it was studied by simulation and experiment.
Introduction
The high-rigidity joints of traditional industrial robots have excellent precision positioning and anti-interference ability, but lack the cushioning and shock absorption performance. In order to solve the safety problem in the process of human-machine collaboration, it is an effective solution to make the robot joints compliant [1, 2] . Variable stiffness is the mainstream way to achieve compliance.
Variable stiffness joints based on elastic components not only increase the response speed of joints due to the almost unlimited bandwidth, but have the characteristics of shock absorption and energy storage [3] . In the past, Gill A. Pratt et al. proposed a series elastic actuator (SEA) [4] to achieve a compliant effect by connecting elastic components in series between a load and a rigid drive. In addition, variable stiffness joints have strong adaptability to different tasks [5] , which not only ensures the safety of humans and joints in the process of human-computer interaction, but also transfers target objects more quickly and accurately [6] .
Junho Choi et al. [7] evenly distributed a plurality of leaf springs around the shaft and fixed one end of the leaf spring to the shaft. The joint stiffness is adjusted by changing the effective length of the leaf spring, which is achieved by adjusting the position of the load on the leaf spring by the link mechanism. Lijin Fang and Yan Wang et al. [2] adjust the joint stiffness by changing the effective length of the leaf spring by changing the leaf spring fixing point.
The HVSA is equipped with two identical motors that cooperate to control the position of the lever fulcrum to achieve joint stiffness changes [8] . AwAS-II [9] is an improved version of AwAS [10] that adjusts stiffness by changing the position of the lever fulcrum. Ludo C. Visser [11] et al. achieved stiffness adjustment by changing the position of the load in the lever mechanism.
Adjusting the stiffness of joints using the principle of antagonism is one of the most widely used methods in nature [12] . When the biceps and triceps relax at the same time, the joint stiffness is low. Conversely, when the biceps and triceps contract simultaneously, the joint stiffness increases [13] . The artificial knee joint developed by the MIT [14] is equipped with two unidirectional drives consisting of a series of motors and elastic components. The change in joint stiffness is achieved by two unidirectional drives that are arranged in an antagonistic manner. This paper proposes a compliant robotic joint variable stiffness actuator. The stiffness of actuator is changed by changing the surrounding shape of the tendon. The bearing capacity and stiffness of actuator are independent of the spring, which makes its maximum stiffness value infinite and increases the specific power of the actuator. In addition, it eliminates the antagonistic arrangement of the dual elastic components.
The Principle of Variable Stiffness Actuator Variable Stiffness Principle
The state of the actuator at the equilibrium position and the deflected position is shown. In order to avoid the structural complexity caused by the connection between the tendons and the output end, a cable is equivalent to the two tendons of the same direction (see Figure 1 (a)). When the actuator is in the initial state, there is no antagonistic force on both sides of the output. The actuator is in maximum flexibility. When the output end is deflected by the load M 0 , the cable on one side is stressed and the other side is relaxed. Finally, the end of the cable and the direction of the spring force tend to be perpendicular as the load force M 0 increases, and the passive deflection increment of the output end tends to zero.
When the distance t between the adjustment sliders is increased, the spring is compressed. When the end of the cable tends to be perpendicular to the direction of the spring force, the output is almost rigid. Both the input end and the output end of the actuator rotate around the central axis (see Figure  1(b) ), and the radius of the arm is r 1 and r 2 respectively. Under the action of the load M 0 , the output end produces a deflection amount φ about the central axis with respect to the input end.
The actuator motor is connected with the input end, and the output end is driven by the cable. The stiffness adjustment motor is connected to the bi-directional ball screw. The adjustment slider moves bidirectionally on the adjustment rail under the action of the screw nut, which achieves an active adjustment of the stiffness.
Theoretical Analysis
The nonlinearity of the antagonistic force is essential to obtain the adaptable compliance, and its implementation proposed in this paper is achieved by a linear spring in cooperation with its corresponding nonlinear structure (see Figure 2) . The analysis process is as follows.
In order to analyze the relationship between the load F 0 and the x, it is necessary to establish an equation between the force and the displacement by the linear spring. According to Hook's law
(1) where f is the spring force, k s is the stiffness value of the linear spring, and ∆l is the amount of deformation of the spring.
According to geometry, the relationship between the spring force f and the load F 0 is (4) where s is the actual length of one side of the wire and l 0 is the natural length of the spring. According to the formula (1), the relationship between the load F 0 and x is established, and the final equation is 00 22
Then, the stiffness can be found by differential
Where s, F 0 , l 0 , k s are constants, and K is the stiffness of the system. According to formulas (5) and (6), the proposed design can meet nonlinear requirements.
Simulation Analysis
This paper mainly uses ADAMS for simulation analysis(see Figure 3 ). The spring model is replaced by spring force. In addition, wire and pulleys are created by the cable module in the software. On this basis, the motion pair, friction and contact force between the various components are added. In this simulation experiment, a torque of 12Nm was added to the power output component. Within 0s to 0.2s, the torque has been constant since it gradually increased from 0Nm to 12Nm (see Figure  4a) . At this time, the power output component has the largest deflection angle (see Figure 4c) . When the system tends to be stable after 0.5s, the distance between the adjustment sliders is gradually increased by active control (see Figure 4b) . At this time, the deflection angle of the power output component gradually decreases, and gradually approaches 0° (see Figure 4c) . It can be concluded that when the actuator is in the maximum flexible state, the power output component generates the maximum deflection angle by the external load. With the gradual increase of the distance between the adjustment sliders, the deflection angle gradually decreases, and eventually it can tend to 0°. This proves that the stiffness increases as the active control variable increases. In addition, we conducted a simulation experiment on target tracking (see Figure 5a ). The positional deviation between the power input component and the power output component is analyzed (see Figure 5b ). It can be learned from the data that the response of the power output component is lagging when the stiffness value is low, indicating that the machine has a better compliance effect. However, when the stiffness value is high, the deviation between the positions of the power input and output components is very small.
Experimental Study
In the experiment, the weights was used to apply the load to the actutor. The angle of deflection of the actuator is measured by a potentiometer. And the experiment is carried out when the ball screw is intermittently turned.
It can be seen from the overall trend of simulation and experimental data (see Figure 6 ). As τ increases, the nonlinear trend of the load-deflection angle becomes more and more pronounced when ξ is constant. In addition, as a gradually increases, the deflection angle of the actuator becomes smaller and smaller, that is, the rigidity becomes larger and larger under the same load. 
Conclusions
In this paper, a variable stiffness actuator is proposed. Its cable bypasses the pulley and is connected in parallel with the spring to form a non-linear structure. The tendon surrounds the double pulley and the spring forms a nonlinear structure, and the actuator stiffness is changed by changing the surrounding shape of the tendon. The energy storage density of the actuator is improved by the absence of the antagonism of the elastic component. In addition, the nonlinear structure makes the spring lighter and increases the specific power.
